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The  response  of  a  3501-6  resin  composite  to  bia.xial  fle.xural  loading  was  assessed  using  disk 
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The  latter  strain  is  only  19%  of  the  composite’s  uniaxial  tensile  strain  to  failure.  Fatigue  failure 
mechanisms  included  delaminations,  matrix  cracking,  fiber,  and  possible  fiber  bundle  debonds. 
Some  delaminations  were  identified  with  ultrasonic  C-scanning 
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Introduction 


The  need  to  reduce  weight  in  structural  applications  has  led  to  the  development  of 
various  new  composite  materials.  Because  of  the  lack  of  a  well  established  database 
these  new  materials  cannot  yet  be  utilized  to  their  full  potential.  A  good  database 
should  include  properties  assessed  under  biaxial  loading.  In  an  earlier  publication  (1), 
a  disk  specimen  was  introduced  to  assess  the  response  of  a  cross-ply,  metal  matrix  com¬ 
posite  to  biaxial  flexural  loading  This  test  procedure  and  specimen  geometry'  were 
originally  used  by  other  investigators  for  isotropic  materials.  The  composite  had  a  6061 
aluminum  matrix  of  70  GPa  modulus  and  290  MPa  strength.  The  reinforcement  was 
continuous  silicon  carbide  fibers  with  a  386  GPa  modulus  and  3  GPa  strength.  The 
composite’s  fiber  volume  content  was  45%  to  47%.  This  composite's  leading  failure 
mechanism  under  monotonic  loading  or  low  cycle  fatigue  was  fiber  breakage  For  high 
cycle  fatigue,  the  main  failure  mechanism  was  matrix  shear  cracking. 

The  present  work  considers  the  response  to  biaxial  tensile  loading  of  a  cross-ply 
composite  of  a  low  modulus  (4.4  GPa),  low  strength  (70  MPa)  3501-6  resin  matrix  which 
is  reinforced  with  high  modulus  (248  GPa)  and  high  strength  (4  GPa)  continuous  carbon 
fibers.  The  composite’s  fiber  volume  content  was  60%.  The  failure  mechanisms  were 
sought  and  an  attempt  was  made  to  identify  the  generated  damage  nondestrutively  The 
performance  of  the  organic  composite  is  compared  with  that  of  the  aluminum  composite 
in  order  to  understand  how  the  biaxial  response  relates  to  basic  material  properties 


Material,  Test  Specimens,  and  Experimental  Procedures 

A  composite  plate  with  16  layers  of  3501-6  resin  prepreg  was  prepared  in-house 
The  prepreg  contained  60%  by  volume  HERCULES  AS-4  continuous  carbon  fibers 
The  composite  plate’s  lay  up  was  (02/902/02/902)8-  The  graphite/epoxy  plate  stock  was 
30  cm  X  30  cm,  and  its  thickness  varied  between  1.68  mm  and  2.56  mm.  The  plate's 
thickness  increased  near  its  geometrical  center.  The  plate  had  five  randomly 
distributed  dents  of  irregular  shapes  which  reached  a  diameter  of  2  mm  and  a  depth 
of  0.2  mm. 

The  properties  of  the  HERCULES  AS-4  continuous  carbon  fiber  and  of  the  3501-6 
resin  (as  provided  by  the  manufacturer)  are  listed  in  Tables  1  and  2.  respectively.  The 
composite  properties  shown  in  Table  3  were  determined  by  E.  T  Camponeshi,  Jr.  (2) 
and  Daniel  and  Lee  (3). 


Table  1.  Properties  of  Hercules  AS-4  continuous  carbon  fiber 
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Table  2.  Properties  of  the  3501-6  resin 


Ultimate  Tensile  Strength  (UTS)  70  (MPa) 

Elastic  Modulus  (E)  4  4  (GPa) 

Strain  to  Fracture  (er)  0.017 


Table  3.  3501-6  Resin/AS-04  carbon/60f  composite  laminate  properties 


Unidirectional  Composite 
Elastic  Modulus  Eii  (Parallel  to  the  Fibers) 

Elastic  Modulus  E22  (Perpendicular  to  the  Fibers) 

Major  Poisson's  Ratios 
Ultimate  Longitudinal  Tensile  Strain 
Ultimate  In-plane  Shear  Strain 


115  (GPa)  (2) 

11  (GPa)  (2) 

V12  =  vi3  =  0.32  (2) 
eii  =0.0156(3) 
612  =  0.0057(3) 


Cross-Ply  (02/902)s  Composite  (3) 

Elastic  Modulus  -  Parallel  to  0°  Fibers  (En)  73.6  (GPa) 

Ultimate  Unixial  Tensile  Strength  (UTS)  1.112  (GPa) 

Ultimate  Uniaxial  Tensile  Strain  (ei)  0.0155 

NOTES;  The  first  index  of  Poisson’s  ratios  is  parallel  to  the  loading  direction. 
Numbers  in  brackets  indicate  the  appropriate  references. 


Twenty  disks  were  cut  from  the  composite  plate  with  a  cylindrical  hollow  diamond 
drill  using  an  appropriate  fluid;  e.g.,  TOOLMATE,  as  a  coolant  and  lubricant  and  at  a 
3500  rpm  cutting  speed.  These  disks  had  a  diameter  of  50.8  mm  and  were  used  to  con¬ 
duct  the  biaxial  flexural  tests.  The  average  disk  thickness  was  2.25  ±  0.2  mm.  This  aver¬ 
age  thickness  was  estimated  from  measurements  on  19  disks.  Each  measurement  was 
made  at  the  center  of  the  disk.  The  maximum  thickness  variability  on  a  given  disk  was 
±  0.14  mm. 

Four  straight  specimens  (2.5  cm  x  25  cm)  were  also  cut  from  the  composite  plate. 
These  coupons  were  reinforced  with  aluminum  end  tabs  (5  cm  long)  and  were  used  to 
assess  the  elastic  constant  (Eii)  and  the  strain  and  stress  to  failure  under  uniaxial  ten¬ 
sion.  The  length  of  these  coupons  was  parallel  to  the  O"  fibers  and  the  test  procedure 
was  the  ASTM  D  3039  Tension  Testing. 

Monotonic  and  cyclic  biaxial  flexural  tests  were  conducted  in  a  90  KN  load  capacity, 
servohydraulic  test  machine.  Four  disks  were  tested  under  monotonic  and  14  disks  under 
cyclic  biaxial  flexural  loading.  To  conduct  a  biaxial  flexure  test,  the  composite  disk  was 
positioned  on  a  steel  supporting  ring  that  had  outside  and  inside  diameters  of  50.8  mm 
and  48.8  mm,  respectively.  Load  was  transferred  to  the  center  of  the  disk  with  a  12.2  mm 
diameter  and  25  mm  long  steel  cylinder  (see  Figure  1).  The  displacement  of  the  loading 
pin  (W)  was  monitored  with  the  machine’s  actuator  displacement  transducer.  The  dis¬ 
placement  of  the  loading  train  without  a  specimen  was  only  0.025  mm  at  1.8  KN  load. 
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Strain  measurements  were  eondueted  uitli  1  mm  \  1  mm.  olim  resistanee  strain 
gages  These  gages  were  positioned  on  tlie  eonvex  taee  of  the  disk  (during  loading), 
parallel  to  the  O"  fibers  and  at  the  disk's  center  Thus,  the  strain  gages  were  loaded  m 
tension  during  testing  Strain  measurements  with  Poisson's  gages  were  conducted  during 
biaxial  loading  to  determine  the  relative  magnitudes  of  the  two  principal  'ensile  strains 
Cxx  (parallel  to  the  O"  fibers)  and  eyy  (parallel  to  the  fibers)  Monotonic  tests  svere 

conducted  at  a  displacement  rate  of  1  mni/mm  Patigiie  tests  were  conducted  at  a  fre¬ 
quency  of  I  Hz  and  strain  ratio  of  0  I  (minimum  over  maximum  c\clic  strains)  The 
initial  10  cycles  were  conducted  under  manual  machine  control  fhe  load  strain  relation¬ 
ship  was  monitored  with  a  digital  oscilloscope  and  the  load  was  raised  appropriately  so 
as  to  keep  the  strain  range  constant  during  e\elic  loading 


Nondestructive  inspections  (NDl)  were  conducted  to  identifv  the  extent  of  the  damage 
which  was  introduced  in  the  composite  disks  due  to  the  biaxial  loading  The  teehniques 
employed  were  X-ray  radiography,  tddy  current  mapping,  and  ultrasonic  ('-scanning  The 
nature  of  the  damage  was  identified  with  traditional  metallographic  procedures 

Test  Results 


Monotonic  Loading 

The  monotonic  uniaxial  tension  testing  of  the  straight  coupons  produced  elastic 
modulus  (Ell)  values  similar  to  that  found  b\  Daniel  and  Lee  (.’’’)  and  shown  in  Table 
However,  the  ultimate  tensile  stresses  and  strains  were  much  smaller  than  those  shown  in 
Table  3.  The  ultimate  tensile  strength  was  4I<S  '  75  (MPa)  and  the  ultimate  tensile 
strain  was  0.0067  ±  0  0012  The  lower  stress  and  strain  values  were  probably  the 
results  of  premature  failures  which,  with  the  exception  of  one,  occurred  at  the  grips  and 
not  within  the  coupons'  gage  lengths 

A  typical  relationship  between  the  applied  load  and  the  resulting  biaxial  tensile  strain 
Cxx  is  depicted  in  Figure  2  Note  that  the  curve  is  coin  ex  downward  which  is  indicative 
of  a  stiffening  process  The  initial  stiffness  (tangent  modulus)  was  206  (KN/cm/cm), 
and  the  stiffness  at  a  load  of  2.2  KN  was  434  (KN/cm/cm)  The  relationship  was  elastic 
up  to  2.2  KN  load  and  0 0067  strain  At  this  strain,  a  land  insiahilitv  occurred 


(sec  Figure  2)  which  was  accompanied  by  an  audible  sound  and  an  instantaneous  de¬ 
crease  of  the  load  by  450  N  The  strain  at  instability  was  43%  of  the  composite’s 
uniaxial  tensile  strain  to  failure  (see  Table  3).  Although  the  original  curve  was  re¬ 
sumed  after  the  load  instability  with  continuing  loading,  unloading  from  strains  greater 
than  0  0067  resulted  in  a  residual  strain  The  latter  strain  could  be  indicative  of 
some  composite  damage  which  was  generated  during  or  after  the  load  instability  The 
stiffening  of  the  curve  continued  with  loading  beyond  the  point  of  load  instability  The 
final  failure  of  the  composite  disk  occurred  by  partial  through  the  disk's  thickness)  pierc¬ 
ing  of  the  disk  by  the  loading  pin.  The  pin  had  split  the  disk  into  two  parts  One  part 
of  the  disk  was  fully  penetrated  by  the  pin  while  the  other  was  not  at  all  Penetration 
had  stopped  at  the  beginning  of  the  central  double  layer  (90“  fibers)  Tlie  fracture  sur¬ 
faces  of  the  failed  disk  arc  shown  in  Figure  3  The  peak  load  and  the  loading  pin's  dis¬ 
placement  were  4  493  KN  and  2  72  mm.  respectively  During  the  monotonic  biaxial 
loading  of  another  disk,  a  load  instability  was  noticed  at  a  strain  of  0  008  This  latter 
strain  is  52%  of  the  composite's  uniaxial  tensile  strain  to  failure  This  disk  was  un¬ 
loaded  and  cut  with  a  diamond  disk  saw  at  several  locations  The  cross  sections  were 
polished  through  #600  grit  paper  and  examined  under  low  magnification  (lOX  to  50X). 
Two  cracks  with  planes  parallel  to  the  plies  were  found  Such  cracks  will  be  referred 
hereafter  as  shear  cracks.  One  shear  crack  was  located  at  the  interface  of  the  first  0“ 
double  layer  and  the  first  90°  double  layer  on  the  tension  of  the  disk  Tlic  crack  had  an 
elliptic  shape  and  was  symmetric  about  the  disk's  center  Part  of  the  crack  is  shown  in 
Figure  4a.  This  crack  w'as  not  detected  by  ultrasonic  C-scannmg  or  X-ray  radiography 
The  second  shear  crack  was  located  in  the  middle  (through  thickness)  of  the  second  dou¬ 
ble  layer  of  the  0^’  fibers  (sec  Figure  4b).  This  crack  was  approximately  14  mm  x  14 
mm  off  the  disk's  center  and  was  detected  by  C-scanning  but  not  by  the  X-ray  radiogra¬ 
phy  The  third  disk  failed  by  shear  cracking  at  a  strain  of  0  0074  Finally,  the  fourth 
disk  did  not  exhibit  a  load  instability  but  instead  was  penetrated  fully  t>  the  loading  pin 
at  a  peak  load  of  4  2  KN  and  2.5  mm  pin  displacement 
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Figure  3  Fracture  surfaces  of  pierced  disk 
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Figure  4  Shear  cracks  -  delamlnation 


Because  the  formation  of  shear  cracks  did  not  alua\s  occur  within  consistent 
boundaries,  it  was  not  possible  to  establish  a  unique  failure  pattern  Because  of  this 
uncertainty,  failure  under  monotonic  loading  was  said  to  have  occurred  whenever  a  minimal 
decrease  of  lOyo  of  the  instantaneous  load  was  observed  during  testing  Since  the  mini¬ 
mal  strain  at  which  such  a  load  instability  was  observed  was  0  0067.  it  will  be 
assumed  that  this  strain  represents  the  lower  limit  of  the  biaxial  strain  to  failure  of  the 
composite  under  montonic  tensile  loading.  This  biaxial  tensile  strain  limit  is  only  43% 
of  the  composite's  uniaxial  tensile  strain  to  failure  (0.01.35  (3)) 
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The  strain  nicasurcmcius  with  Poisson  s  gages  indicated  that  during  the  biasial  tensile 
loading  the  two  principal  strains  Cw  and  were  equal  This  relationship  was  also 
found  for  a  cross-ply  aluminum  composite  by  Tsangarakis  and  Pepi  (1)  The  relationship 
holds  true  prior  to  introduction  of  damage  in  the  composite  disk 

Cyclic  Biaxial  Loading 

The  relationship  between  the  c>clic  biaxial  tensile  strain  range  and  the  composite's 
fatigue  life  is  depicted  in  Figure  5  Open  s\mbols  represent  failures  \\hile  solid  s\mbols 
indicate  runouts  The  dasi.ed  line  represents  the  einelope  belo\^  where  no  composite  fail¬ 
ure  was  obserxed  Fatigue  failure  s\as  considered  to  have  o>.curred  whenever  a  minimal 
decrease  of  lU^o  of  the  maximal  cvclic  load  was  neeessarv  in  order  to  maintain  a  con¬ 
stant  cyclic  strain  range  This  failure  definition  is  similar  to  that  for  monotonic  loading 
and  IS  independent  of  the  nature  of  the  failure  mechanism  The  strain  endurance  limit 
under  biaxial  cvclic  tension  for  lo”  cvcies  of  fatigue  life  approached  0  OOa  This  limit 
IS  only  19%  of  the  composite's  uniaxial  strain  to  failure  under  monotome  loading  which 
is  0.0155  (3)  (see  Table  3) 


NUMBER  OF  CYCLES 

Figure  5  Fatigue  life  versus  strain  range 


The  relationship  between  the  displacement  of  the  loading  pm  and  the  resulting  strain 
was  linear,  as  shown  in  Figure  6  Each  point  shown  in  this  figure  represents  a  pair  of 
the  maximal  cyclic  displacement  VV  and  the  corresponding  maximal  cvclic  strain  cxx  of 
an  individual  disk.  The  dashed  line  represents  the  least  square  fit  of  all  data  points 
The  little  data  scatter  is  probablv  due  to  the  variation  of  the  composite's  thickness, 
which  was  discussed  earlier  (see  the  Material,  Test  Specimens,  and  Experimental 
Procedures  Section)  Thus,  both  the  pin's  displacement  VV  and  the  strain  exx  may  be 
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used  as  independent  parameters  to  e\aluate  the  response  of  the  eoniposite  to  'he  biaxial 
loading.  However,  smee  the  strain  e\\  represents  a  local  response  and  the  displacement 
W  represents  a  global  lesponse.  the  lincaritv  of  the  relationship  is  expected  to  be  de¬ 
stroyed  after  the  introduction  of  damage  in  the  composite 


Displacement  (W),  mm 

Figure  6  Strain  -  displacement  relationship 

All  the  failed  disks  had  at  least  one  shear  crack  (see  Figure  4)  All  shear  cracks 
were  found  in  the  tension  sides  of  tlic  disks  (during  ncxiirc)  In  addition  to  shear 
cracks,  other  defects  were  also  found  Mctallographie  examination  of  a  disk  which 
had  failed  after  50.000  cvcles  at  0  0052  cyclic  strain  range  revealed  debonded  fibers  and 
numerous  matrix  cracks.  These  debonded  fibers  and  cracks  were  m  the  outermost  ply  in 
the  tension  side  of  the  disk  and  perpendicular  to  the  piv  (see  Figure  7a)  All  defects  of 
th  is  type  appeared  within  6  mm  from  the  disks'  centers  (see  Figures  3  and  7b)  Similar 
matrix  cracks  and  debonded  filaments  appeared  in  another  disk  after  1100  eveles  at  a  cy¬ 
clic  strain  range  of  0  0072.  A  different  defect  tvpe  is  depicted  in  Figure  S  Defects  of 
this  latter  type  (see  Figure  4a.  arrow  b)  represented  areas  where  a  bundle  of  fibers  and 
the  associated  matrix  had  separated  (debonded)  from  the  surrounding  composite  Tliese 
debonded  areas  were  up  to  5  mm  long  and  were  found  throughout  the  volume  of  the 
fatigued  disks  Examination  of  untested  disks  indicated  that  these  debonded  areas  could 
have  been  formed  during  the  cutting  of  the  composite  and  not  necessarily  be  the  result 
of  fatigue.  It  is  noted,  however,  that  if  these  debonded  areas  existed  m  the  composite 
disks  during  their  biaxial  cyclic  loading,  they  could  act  as  areas  of  stress  concentration 
thus  assisting  the  shear  crack  formation.  Fiber  breaks  were  found  in  onlv  one  disk 
which  had  failed  after  1600  cycles  at  0.0072  cyclic  strain  range.  These  fiber  breaks 
>»erc  not  in  localities  of  maximal  biaxial  tensile  loading  It  is  doubtful  that  the 
observed  fiber  breaks  were  formed  during  the  biaxial  fatigue 


Figure  8  Debonded  area 


Ultrasonic  examination  of  failed  disks  identified  some  delaminations.  An  ultrasonic 
scan  of  a  disk  with  a  dclamination  is  shown  in  Figure  9  Tlic  dclamination  formed  after 
45.500  cycles  at  a  cyclic  strain  range  of  0  0042  The  damaged  area  is  off  the  disk's 
center  and  is  elongated  along  the  90“  fibers.  In  some  disks  which  had  failed  in  fatigue, 
more  than  one  shear  crack  had  formed  The  white  areas  shown  in  the  C-scan  of  Figure 
10  represent  dclaminations  which  are  not  all  coplanar  and  were  generated  after  1100 
cycles  at  a  cyclic  biaxial  tensile  strain  range  of  0.0072.  The  delammations  caused  the 
maximal  cyclic  load  to  decrease  from  18  KN  to  13  KN  (28%  decrease).  The  cracks 
shown  in  Figure  7  and  the  debonded  areas  of  Figure  8  were  not  detected  by  our  X-ray. 
ultrasonic  scanning,  or  Eddy  current  efforts  Fiber  fractures  were  readily  detected  by 
De  Goeje  and  Wapanaar  (4)  with  an  Eddy  current  method  It  is  noted  here  that  their 
method  uses  h'gh  frequencies  (30  MHz)  and  is  successful  when  at  least  8%  of  the  total 
composite's  thickness  bears  fiber  cracks  Since  a  limited  number  of  fiber  breaks  were 
found  in  the  failed  disks,  it  is  not  surprising  that  our  Edd>  current  efforts  were  not 
successful. 
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Figure  9.  Ultrasonic  scan  with  single  delamination 


Discussion 

The  response  of  the  resin  composite  to  biaxial  tensile  loading  during  a  single  cvcle 
is  depicted  in  Figure  2.  As  with  the  alumiiuini  composite  (I).  some  Insterisis  was  also 
noticed  on  unloading  the  resin  composite  (not  shown  in  Figure  2)  However,  unlike  the 
metal  matrix  composite,  no  residual  strain  was  noted  with  the  organic  composite  after 
unloading  from  strain  as  high  as  0  ()()67.  The  presence  of  a  Insterisis  loop  and  the 
absence  of  residual  strain  witness  a  viscoelastic  composite  behavior  below  the  0.0067 
strain.  However,  the  original  curve  was  resumed  after  the  load  instability  with  continuing 
loading,  unloading  from  strains  greater  than  0  0067  resulted  in  a  residual  strain  The 
latter  strain  was  the  result  of  composite  damage  Other  differences  in  the  one  cvcle 
behavior  of  the  two  composites  pertain  to  the  shape  of  the  loading  curve  and  the  failure 
mechanisms.  The  metal  matrix  composite  exhibited  an  initial  linear  curve  which  was 
followed  by  a  segment  of  decreasing  slope  Tlic  strain  at  which  this  change  was 
observed  to  begin  was  0.009  which  is  100%  of  the  composite's  uniaxial  tensile  strain  to 
failure.  Beyond  this  point,  further  increase  in  load  would  cause  fiber  breaks  under  biax¬ 
ial  flexural  loading  which,  in  turn,  would  cause  the  slope  of  the  curve  to  decrease 
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The  organic  composite  exhibited  an  clastic  behavior  up  to  a  strain  of  0  0067  which  is 
43%  of  th^  >,oinposite's  strain  to  failure  under  uniaxial  tension  Since  the  carbon  fibers' 
tensile  strain  to  failure  is  0  0165  (see  Table  I),  no  fiber  breaks  were  expected  to  form 
in  the  organic  composite  under  biaxial  flexural  loading.  The  dominant  failure  mecha¬ 
nism  for  the  organic  composite  was  matrix  cracking  parallel  to  the  plies  and  usually  form¬ 
ing  at  the  interface  of  the  0°  and  the  90^  plies  and  in  the  tensile  sides  of  the  disks 
The  shape  of  the  curve  for  the  organic  composite  was  convex  downward  which  was  in¬ 
dicative  of  a  stiffening  response.  This  stiffening  is  characteristic  of  carbon  filaments 
(5)  and  organic  composites  reinforced  with  carbon  fibers  (6,7)  Comparing  the  strains  to 
failure  under  biaxial  flexural  tensile  loading,  the  metal  matrix  composite  presents  a 
slightly  higher  failure  strain. 


Figure  10  Ultrasonic  scan  with  multiple  delaminations 


The  cyclic  biaxial  response  of  the  organic  composite  presented  a  decisive  superiority 
over  that  of  the  metal  matrix  composite  The  organic  composite  exhibited  a  biaxial  ten¬ 
sile  strain  endurance  limit  of  ().()()3  which  is  more  than  twice  the  magnitude  of  the 
endurance  limit  of  the  metal  matrix  composite  (000132)  The  life  span  of  the  aluminum 
composite  at  a  cvclic  strain  range  of  0003  is  less  than  10  cycles  (1);  this  is  very  short 
compared  to  the  10^  cycles  for  the  organic  composite  It  is  noted,  however,  that  when 
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the  strain  endurance  limits  are  expressed  as  pcrccntaj'cs  of  the  respective  uniaxial  mono¬ 
tonic  tensile  strains  to  failure,  the  result  is  similar  for  both  composites  These  percent¬ 
ages  are  19%  and  15%  for  the  organic  and  the  metal  matrix  composites,  respectively 
The  propertier  of  the  two  composites  arc  listed  in  Table  4  for  comparison 


Table  4  Composite  mechanical  properties 


Parameter 
Eii  (GPa) 

UTS  (MPa) 

ei  (uniaxial,  monotonic) 
er  (biaxial,  monotonic) 
eN  (biaxial,  cyclic) 


SiCi/AI-Ref  (1) 
136 
629 
0009 
0009 
0  00132 


Gr/ep  Composite 
736 
1112 
0  0155 
0  0067 
0  003 


Matrix  shear  cracks  (sec  Figure  4)  were  formed  under  monotonic  biaxial  tensile 
loading  in  the  resin  composite  at  strains  exx  as  small  as  0  0067  The  same  type  of 
cracks  formed  under  cyclic  biaxial  tensile  loading  at  strain  ranges  reaching  a  minimal  of 
0.003.  In  the  metal  matrix  composite  (I).  shear  cracks  formed  in  the  aluminum  matrix 
under  cyclic  loading  only  Tins  could  indicate  that  the  stronger  aluminum  matrix  resisted 
the  formation  of  shear  cracks  under  monotonic  biaxial  tensile  loading  It  is  noted  that 
shear  cracks  were  not  confined  in  the  tension  side  of  the  disk  during  flexure.  In  the 
aluminum  composite,  shear  cracks  also  formed  in  the  compression  sides  of  some  disks 

The  strain  exx  is  sensitive  to  local  events;  eg.,  matrix  yielding  or  cracking,  while  the 
displacement  W  represents  the  overall  reaction  of  the  composite  disk  Thus,  depending 
upon  the  location,  size,  and  nature  of  the  generated  damage,  the  strain  and  the  displace¬ 
ment  will  react  disproportionally  While  the  relationship  between  the  displacement  and 
the  strain  in  the  organic  composite  was  linear  (see  Figure  5)  up  to  high  strains  (0.0067), 
the  contrary  was  true  for  the  aluminum  composite  (1)  The  latter  composite  presented 
some  residual  strain  af  '  unloading  due  to  the  local  inelastic  response  of  the  aluminum 
matrix.  This  aluminum  inelastic  response  was  triggered  by  high  residual  stresses  which 
were  locked  in  the  composite  after  its  thcmial  processing  The  linearity  of  the  relation¬ 
ship  in  the  organic  composite  assumes,  however,  that  no  significant  damage  was  intro¬ 
duced  in  the  material  during  loading.  Here,  the  term  si}>nif'icani  implies  detectable  bv  the 
load,  strain,  and  displacement  monitoring  instrumentation  Relationships  like  the  one 
shown  in  Figure  5  could  prove  to  be  very  useful  in  applications  such  as  smart  composite 
structures.  Using  appropriate  algorithms,  the  relationships  could  provide  informaMon  about 
the  integrity  of  composite  structures. 

The  only  defect  which  was  identified  nondestructiveh  was  the  delamination  Several 
delaminations  were  detected  by  ultrasonic  C-scanning.  Matrix  cracks  were  detected  and 
imaged  ultrasonically  with  a  spherically  focused  transducer  by  Michael  R  Gorman  (8). 
Because  equipment  for  Polar  Backscattcr  Imaging  was  not  available,  matrix  cracks  were 
not  detected  by  our  ultransonic  efforts  Tlie  X-ray  radiography  and  the  Eddv  current 
examination  did  not  identify  the  damage  which  was  generatv.d  in  the  composite  disks 
during  their  biaxial  loading.  However,  transverse  matrix  cracks  have  been  detected  with 
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X-ravs  in  graphitc/cpoxy  laminates  by  Daniel  and  Lee  (3)  Dame!  and  Lee  used  a  solu¬ 
tion  of  zinc  iodide  to  enhance  the  X-ray  image  Given  that  the  Edd>  current  method  is 
sensitive  to  fiber  breaks  only,  and  since  limited  fiber  breaks  formed  in  our  organic  com¬ 
posite,  it  is  not  surprising  that  our  efforts  with  this  latter  method  were  not  successful 

Future  work  on  the  biaxial  flexural  specimen  will  include  examination  of  the  effects 
of  the  disk's  thickness  and  radius  on  the  extent  and  shape  of  the  tensile  strain  fields 

Conclusions 

The  response  of  the  carbon  fiber/epoxy,  cross-ply  composite  to  biaxial  flexural,  and 
tensile  loading  was  assessed  using  disk  specimens  Under  biaxial  flexural  loading,  the 
formation  of  delaminations  resulted  in  failure  at  a  strain  of  0  0067  This  strain  is  only 
43%  of  the  composite's  strain  to  failure  under  uniaxial  tension  Under  cyclic,  biaxial, 
tensile  loading,  and  for  10^  cycles  of  fatigue  life,  the  composite's  useful  cyclic  strain 
range  was  limited  to  0  003.  The  latter  strain  is  only  19%  of  the  composite's  uniaxial 
tensile  strain  to  failure  Fatigue  failure  mechanisms  included  delaminations  and,  to  a 
lesser  extent,  matrix  cracks  and,  possibh,  fiber  bundle  debonds 
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